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Hydrophilic nanosized minerals exposed to air moisture host thin water films that are key drivers of reac-
tions of interest in nature and technology. Water films can trigger irreversible mineralogical transform-
ations, and control chemical fluxes across networks of aggregated nanomaterials. Using X-ray diffraction,
vibrational spectroscopy, electron microscopy, and (micro)gravimetry, we tracked water film-driven trans-
formations of periclase (MgO) nanocubes to brucite (Mg(OH),) nanosheets. We show that three mono-
layer-thick water films first triggered the nucleation-limited growth of brucite, and that water film loadings
continuously increased as newly-formed brucite nanosheets captured air moisture. Small (8 nm-wide)
nanocubes were completely converted to brucite under this regime while growth on larger (32 nm-wide)
nanocubes transitioned to a diffusion-limited regime when (~0.9 nm-thick) brucite nanocoatings began
hampering the flux of reactive species. We also show that intra- and inter-particle microporosity hosted a
hydration network that sustained GPa-level crystallization pressures, compressing interlayer brucite
spacing during growth. This was prevalent in aggregated 8 nm wide nanocubes, which formed a maze-
like network of slit-shaped pores. By resolving the impact of nanocube size and microporosity on reaction
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yields and crystallization pressures, this work provides new insight into the study of mineralogical trans-
formations induced by nanometric water films. Our findings can be applied to structurally related minerals
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Introduction

Mineral particles exposed to air moisture stabilize thin water
films that drive solvent-mediated reactions under
nanoconfinement.'™ These films can affect chemical, struc-
tural, and functional properties of minerals in unique ways.>”
Understanding mineralogical transformations in water films
can especially be useful in addressing phenomena related to
atmospheric chemistry, catalysis, electrochemistry, geochemis-
try, and surface science.®™*?

Periclase (MgO; magnesia) is an ideal
mineral’®'* for tracking water film-driven transformations,
as its rock salt structure can readily transform to brucite
nanosheets (MgO + H,0O — Mg(OH),) (Fig. 1). Transformations
can be topotactic'® when water diffuses through the (111)
plane of MgO, forming OH groups along the (001) plane of
brucite (Fig. 1a). Because these transformations can be short-
range, they can even produce intralaminar spacings intermedi-
ate to those of both minerals.'®'” At the same time, solution-
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important to nature and technology, as well as to advance

ideas on crystal growth under

driven transformations at dehydroxylated surfaces can begin
with the protonation of oxo groups (H,O0 + Mg*-0*>" —
MgOH"-OH )'®*?' vig dissociative water adsorption.**™>*
Hydroxylated surfaces produce reactive soluble (e.g. Mg>",
MgOH") species leading to Mg(OH), nanosheet nucleation and
stacking (Fig. 1b). Brucite growth then expands the volume of
the reactive solid materials by ~150%. Under confinement,
this volumetric expansion has the thermodynamic potential of
generating GPa-level crystallization pressures.”” Expansion can
crack MgO-based cements®® and refractory castables,>” and is
of great interest in the study of reaction-induced fracturing in
Earth’s crust.">*®

In water-unsaturated environments, water films formed by
exposure to atmospheric moisture can be sufficiently thick to
mediate brucite growth via dissolution, hydroxylation, nuclea-
tion, and crystal growth (Fig. 1b). Reactions can therefore be
comparable to those occurring in aqueous solutions, except
that they proceed in the nearly two-dimensional environment
of water films.>**® Variations in periclase crystallinity, micro-
porosity, and particle size can, additionally, give rise to a sur-
prisingly wide range of hydroxylation rates, yields, and
mechanisms.>*** Exploring these variations in the low water-
to-solid environment of water films is strongly needed,
especially considering the widespread importance of periclase

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Brucite growth from periclase in nanometric water films. (a)
Topotactic relationship between (left) the (111) plane of periclase and
(right) the (001) plane of brucite (green = Mg?*, purple = O%", black =
H*). Hydroxylation expands the (111) direction by ~50% but only ~5%
within the (111) plane (ppericiase = 3-5 9 €M™>; porucite = 2.3-2.4 g cm™),
resulting in the dgoi-spacing value of dpo;s = 4.8 A. Solvent-driven
reactions involve (b) a nucleation-controlled regime hosting Mg?* dis-
solution, nucleation and stacking of brucite nanosheets, and (c) or
diffusion-controlled regime caused by brucite nanocoatings (green).
These nanocoatings limit the diffusion of reactive species to the reactive
MgO core (grey).

in industry,”®*”°>2% and emerging technologies planning to
use MgO-bearing wastes for direct atmospheric CO, capture
from moist air.>”

Advancing knowledge about these water film-mediated reac-
tions can be achieved by working with synthetic periclase
nanocubes with contrasting properties. In particular, synthetic
periclase nanocubes tailored by controlled thermal dehydroxy-
lation (Mg(OH), - MgO + H,0) are of great utility. When pro-
duced below ~600-650 °C, synthetic periclase nanocubes are
more reactive towards hydroxylation compared than those pro-
duced above this value.’>*' Nobel prize laureate William
Giauque, who in the late 1940s studied MgO hydroxylation to
investigate the third law of thermodynamics, explained
enhanced MgO nanoparticle reactivity below this threshold
temperature in terms of favorable surface energetics,”® and
these were finally measured experimentally over 70 years later
by Hayun et al™ In the 1960s, Feitknecht and Braun®?
suggested that microporosity favored reactivity, and that it was
even responsible for generating high crystallization pressures.

This journal is © The Royal Society of Chemistry 2023
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In the 1980s, Naono®' validated this link by revealing a sys-
tematic hike in microporosity with synthesis temperature, and
a near-complete loss above this threshold temperature. At the
same time, experimental and theoretical studies detailed the
topotactic interconversion of periclase and brucite in near in
vacuo conditions,'®'”**3% as well as morphological transform-
ations and thermodynamics in aqueous solutions.****** More
recently, water films were even shown to drive aggregation of
periclase nanocubes into nanobars,>**** a discovery that con-
tributed greatly to ideas on crystal growth by (oriented) aggre-
gation. Less remains, however, understood about mechanisms
in nanometrically thin water films that can drive solution-like
brucite formation, yet that are insufficiently thick to host vast
pools of reactive species as in bulk water. Under these con-
ditions, growth may be at first nucleation-controlled** while
Mg”*/MgOH" species precipitate to brucite in water films
(Fig. 1b). Growth may, however, become later diffusion-con-
trolled*® as brucite nanocoatings hamper the flux of reactive
species to growth fronts*® (Fig. 1c).

In this study, we offer new insight into the conversion of
periclase by nanometrically thick water films, which were
formed under environmental-relevant conditions of high
humidity. This work fills a gap between previous efforts
focused on low pressure/vacuum'®'7?9*%3%47 and aqueous
systems,****! and by contrasting the reactivity of periclase
nanocubes produced below and above the ~600-650 °C
threshold. We show that differences in nanocube size and
microporosity have a direct impact on reaction yields and crys-
tallization pressures during brucite growth. Our findings have
direct implications in understanding water film-driven trans-
formations of chemically and structurally related nanominerals
(e.g. CaO, FeO). They also have broader implications for under-
standing mineral growth mechanisms under nanoconfinement.

Methods

Two periclase (MgO) samples of contrasting particle size and
crystallinity were synthesized by thermal dehydroxylation of
synthetic brucite (Mg(OH),, Fig. S11) at 500 °C (Pe5) and at
1000 °C (Pe10) for 2 h under ambient atmosphere. The ESI
(Fig. S1-S3 and Tables S1, S2)f contains a detailed account on
the synthesis procedures and physicochemical characterization
results (structure, morphology,
surface composition).

In this study, Pe5 and Pe10 nanocubes were exposed to a
flow of 90% Relative Humidity (RH) in N,(g) at 25 °C. This gas
composition was generated using a proUmid MHG32 instru-
ment. Reactions were monitored in situ by X-ray diffraction
(XRD), vibrational spectroscopy and microgravimetry, and ex
situ by electron microscopy, thermal gravimetry and X-ray
photoelectron spectroscopy (ESIt).

size, micropore analysis,

X-ray diffraction

Crystalline phase transformations were monitored by powder
XRD on Pe5 and Pe10 samples exposed to a 250 mL min "
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flow of 90%RH. X-ray diffractograms were acquired with a
PANalytical X’Pert® powder diffractometer using an Anton Paar
MHC-trans humidity chamber working in transmission. All
diffractograms were collected within the 10-55° 260 range
because of the inherent limitations of working in transmission
geometry. The sample stage was aligned along the vertical
using corundum powder as a standard. This procedure was
conducted prior all experiments to ensure that diffraction
peaks did not shift from a misplaced sample stage. Periclase
samples were thereafter placed on small cups assembled with
a thin Kapton® film at the bottom for incoming X-rays. These
cups were then placed on the rotatable sample stage of the
transmission chamber. The samples were first dried with N,(g)
for 1 h, and their XRD profile acquired. The samples were then
exposed to 90%RH over 40 h period while XRD profiles were
recorded every 2 h.

Simulations of XRD profiles were performed using the
Rietveld program BGMN®*® with the GUI software of Profex
v4.1. Structure control files were converted from reference
structure files from the American Mineralogist Crystal
Structure database®® (0000501 for periclase®® and 0007912 for
brucite®). Phase quantification by Rietveld refinement using
the complete XRD profiles (10-55° 26) revealed considerable
variations from an abnormal (001) reflection of brucite.
Because attempts at using a brucite model with a broken sym-
metry did not extract meaningful phase quantification results,
we limited our Rietveld refinement to the 30-46° 26 range.
This model converged to a stable solution with acceptable
deviations (y* < 1.5) to the data.

The resulting time-resolved Rietveld refinement results
were modeled using kinetic growth models** described in the
ESLT Briefly, an Avrami-type®>>* model was used to predict
nucleation-limited growth in water films, and a Shrinking Core
Model®* was used to predict diffusion-limited transport of
reactive species to brucite growth fronts. These calculations
were carried out using Matlab 2021b (The Mathworks).

Vibrational spectroscopy

Fourier transform infrared (FTIR) spectroscopy was used to
monitor the surface hydration and hydroxylation of periclase
to brucite. Thin dry periclase films were first formed by depos-
iting, then drying, a centrifuged MgO-ethanol paste on the
diamond window of an Attenuated Total Reflectance (ATR) cell
(Golden Gate, a single bound diamond window). The resulting
sample was then covered with a flow-through lid pressed on
the ATR plate using an anvil. Liquid ethanol was thereafter
removed from the paste using a stream of dry N,(g). Complete
removal of ethanol was confirmed by tracking the loss of
characteristic C-H stretching modes during drying. This pro-
cedure resulted in a packed solid-state film of periclase nano-
cubes on the ATR cell. Hydration and hydroxylation reactions
were thereafter initiated by exposing the sample to 500 mL
min~" stream of 90%RH mixed with N,(g) for a period of up to
5d.

All spectra were acquired at a resolution of 4 cm™" over the
600-4500 cm ™" range at a forward/reverse scanning rate of 10
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kHz. These were obtained by coadding 500 spectra for Pe5
(7.5 min acquisition time) and 1000 spectra for Pe10 (15 min
acquisition time) using a Bruker Vertex 70/V instrument. This
instrument was equipped with a deuterated r-alanine doped
triglycine sulfate (DLaTGS) detector.

Imaging

To image reaction products, periclase powder was reacted in a
flow-through reaction vessel to a stream of 90% RH mixed
with N,(g) for a period of up to 48 h. Samples were imaged by
Scanning Electron Microscopy (SEM) and bright-field
Transmission Electron Microscopy (TEM). SEM images were
taken on a Carl Zeiss Merlin microscope while a FEI Talos
L120 microscope (120 kV) was used for low-resolution TEM
images. High-resolution transmission electron microscopy
(HRTEM) images were taken under cryogenic conditions
(=90 °C) to minimize well-known effects of electron beam
damage on magnesium hydroxides.>>>® These images were
acquired with a FEI Titan Krios electron microscope equipped
with a field emission gun operated at 300 kV and a K2
detector.

(Micro)Gravimetry

Water loadings acquired by Pe5 and Pe10 were determined by
microgravimetry, using a DVS Advantage ET 2 instrument
(Surface Measurement Systems). An aliquot of ~10-20 mg peri-
clase was first dried with N,(g) at 25 °C for 5 h. The weight of
the resulting sample was then monitored in an 11-point
adsorption isotherm from 0 to 95% RH, using an equilibrium
period of 1 h at each preselected RH. In an additional experi-
ment, Pe5 and Pel0 were exposed to 90% RH over a 40 h
period. The reacted samples were then dried under N,(g) to
determine the mass of the water film. The mass of Mg(OH),
produced by these reactions was also determined by Thermal
Gravimetry Analysis (TGA) on samples reacted under the same
conditions. Samples were thermally decomposed using a
Metter-Toledo TGA instrument under a stream of 20 mL min "
N,(g) from 30-700 °C, and at a heating rate of 10 °C min™".

Results and discussion

To compare the reactivity of periclase produced below and
above the ~600-650 °C threshold, we synthesized periclase
nanocubes by dehydroxylating brucite nanoparticles at 500 °C
(Pe5) and 1000 °C (Pe10). Characterization results are given in
Fig. 2 and in the ESI (Fig. S1-S4 and Tables S1, S2).1 Pe5 nano-
cubes (Fig. 2a-e) were 8.2 + 0.4 nm wide crystallites aggregated
as nanobars in ~77 + 25 nm wide two-dimensional hexagonal
casings. These casings were relicts of the brucite nanoparticles
(Fig. S11) from which Pe5 nanocubes formed in situ. The
important volumetric compression undergone by the material
during dehydroxylation produced a maze-like network of slit-
shaped micropores which, from N,(g) adsorption/desorption
(Fig. S37), were the chief source of microporosity (26 pL g~ ).
Pe10 nanocubes (Fig. 2f-j) were, in contrast, 32 + 2 nm wide

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Periclase nanocube morphology and size. Electron microscopy images of (a—d) Pe5 and (f—i) Pel0, alongside (e and j) corresponding sche-
matic representations of typical particles. Scanning Electron Microscopy (a and f) and Transmission Electron Microscopy revealed (b and c) Pe5
nanocubes clustered as nanobars in hexagonal casings, which are relicts of the synthetic brucite from which they were produced. Arrows in (c) high-
light preferential arrangement of the ~8 nm wide Pe5 nanocubes into nanobars in a fashion aligning with previous work.*>** (g and h) Pe10 nano-
cubes were monodispersed. (d and i) High Resolution Transmission Electron Microscopy revealed lattice fringes expected from the crystallographic
structure of periclase. See Fig. S37 for information on area and microporosity.
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Fig. 3 XRD and vibrational spectroscopic evidence for brucite growth from periclase in nanometric water films. Pe5 and Pel0 samples were
exposed to a flow of N(g) with 90% RH at 25 °C over time. (a and b) Time-resolved X-ray diffractograms of (a) Pe5 and (b) Pel0 revealing the trans-
formation of periclase (Fm3m space group) to brucite (P3m1 space group). (c) Converted fraction () of Pe5 and Pel0 resolved by Rietveld refinement
of data in (a) and (b) over a 40 h reaction period. Curves were generated with the Avrami (nucleation-controlled) and Ginstling—Brounshtein
(diffusion-controlled) models (ESIT). (d and e) Vibrational spectra of Pe5 during the reactions, revealing concomitant growth of brucite (two bands
>3600 cm™) and water films (~3300 cm™). (e) Background-corrected main band of brucite showing a progressive shift of the bulk O—H stretch
from 3701 to 3697 cm™. The black full line denotes spectrum synthetic brucite used to produce Pe5. The dashed line shows the spectrum of crystal-
line brucite. (f) Lorentzian fitting of the 3680-3720 cm™ region of (e) for Pe5 (cf. Fig. S4dt for Pe10) showing comparable shapes of growth curves
(intensity) as in (c) XRD as well as shifts in band position. Note that differences in sample preparation (loose MgO powders by XRD and solid MgO
state films by vibrational spectroscopy) explain the contrasting reaction times between the two techniques.

situ by electron microscopy (Fig. 5). Finally, XRD provided
insight into variable nanosheet stacking as brucite nanosheets
grew in water films (Fig. 6).

monodispersed crystallites and were ~8 times less micro-
porous (3.3 uL g~ ') than Pe5.

Pe5 and Pel0 hydroxylation reactions were triggered by
exposing the particles to a stream of 90% RH in N,(g) at 25 °C.
Reactions were monitored in situ by XRD (Fig. 3a-c),
vibrational spectroscopy (Fig. 3d-f) and microgravimetry
(Fig. 4). Particle morphological changes were then resolved ex

Brucite growth triggered by three monolayer-thick water films

XRD captured hydroxylation reactions through the progressive
loss of the primary (200) and (111) reflections of periclase, and

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 10286-10294 | 10289
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Fig. 4 Gravimetric tracking of periclase hydroxylation and dehydroxylation. (a) Microgravimetrically-measured water loadings by exposing water
vapor from 0.9 to 92% RH at 10% RH intervals, each with a reaction time of 1 h. The right-hand side of (a) is a size-scaled schematic representation
of the total equivalent water films thickness in relation periclase nanocube size. One water monolayer (ML) corresponds to 12 H,O per nm?. (b)
Time-resolved water uptake at 95% RH by microgravimetry. Periclase was covered by a 3 ML-thick water film at the onset of the reaction. Water
mass increases were driven by hydroxylation reactions and water film growth on newly formed brucite nanoparticles. Removal of water films by
drying after 40 h revealed the reaction of 85% of Pe5 O groups and 75% of Pe10 O groups. (c) Thermogravimetric analysis (TGA) of brucite dehydrox-
ylation after exposing Pe5 and Pel0 under 95% RH for 40 h. The full reconversion of Pe5-derived brucite (100% by XRD, Fig. 3c) showed that 15% of
Pe5 was originally hydroxylated because (b) microgravimetry revealed 85% conversion. The 80% reconversion of Pe10-derived brucite (80% by XRD)
(Fig. 3c) showed that 5% of Pel0 was originally hydroxylated because microgravimetry (b) revealed 75% conversion. Spectroscopic evidence for OH
groups on Pe5 and Pel0 is provided in Fig. S5 and S6.1
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Fig. 5 Imaging and schematic representation of periclase converted to brucite. Imaging of (a—f) Pe5 and (g—l) Pel0 reacted to 90% RH for up to
48 h by (a—e and g—k) TEM and (f and |) by SEM. (m and n) Schematic representations of (m) Pe5 nanocubes converting to brucite within the incipi-
ent casings in which they were clustered and (n) Pe10 expanding into brucite. (o) Cryogenic HTREM imaging of Pel0 reacted to 90% RH for 48 h,
here showing an unreacted core (Region 2) embedded by brucite overgrowth (Regions 1 and 2). HRTEM of Regions 1-3 revealed lattice fringes of
the corresponding minerals (2.1 A for periclase (100), 2.4 A for either brucite (011) or periclase (111)). A wider range of longer values for brucite
(4.5-6.0 A) likely arise from other, unresolved, types of interlayers in brucite booklets.
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Fig. 6 XRD (001) reflections of brucite over time (a and b) Brucite (001) reflections from time-resolved X-ray diffractograms of Fig. 3 for (a) Pe5
(orange) and (b) Pel0 (blue), highlighting dominant reflections appearing as periclase is exposed to 90% RH for 40 h. Lorentzian fitting parameters
of all reflections (Fig. S77) are shown as (c and e) peak position (26) and corresponding doo1-spacing and (d and f) peak intensity.

by the appearance of the (011) and (100) reflections of brucite
(Fig. 3a-c). To quantify the progress of the conversion reac-
tions, we analyzed these main reflections by Rietveld
refinement®”® (Fig. 3c). This analysis showed that the crystal-
line fractions of Pe5 and Pe10 reacted at identical rates in the
first ~8 h. Reactions in Pe10 however continued to progress at
a slower rate than Pe5, reaching ~85% conversion after 40 h.
Pe5 was, on the other hand, fully converted only after ~12 h of
exposure to 90% RH.

Vibrational spectroscopy captured the formation of bulk
brucite OH groups through the growth of a O-H stretching
band, first appearing at ~3701 cm™" (Fig. 3d and e). Time-
resolved band intensities, obtained by Lorentzian fitting
(Fig. 3f), showed that growth curves had comparable shapes to
those obtained by XRD (Fig. 3c). The reactions were, however,
slower because these measurements required MgO nanocubes
in the form of packed thin solid-state films, rather than loose
powders as in all other methods used for this work. From the
progressive shift of this band to ~3697 cm™, we infer that
brucite OH groups formed stronger intersheet hydrogen bonds
over time. These bonds were, however, not fully established,
because only thermal treatment (Fig. S47) could shift the band
to the characteristic vibrational frequency of crystalline brucite
(3694 cm™). This consequently indicated that brucite con-
tained defects which, in the following sections, will be chiefly
attributed to nanosheet dislocation."®"”

Microgravimetry (Fig. 4a) showed that periclase nanocubes
exposed to 10-60%RH formed water films with steady cov-
erages of up to 2 monolayers (MLs), at least within the first
hour of reaction. Exposure to greater levels of humidity trig-
gered, in contrast, an immediate and continuous uptake of
water which signaled a rapid onset of the hydroxylation reac-
tions. At 90%RH, reactions were triggered by ~3 ML-thick
films (Fig. 4b) and continued for up to 15 h for Pe5 and up to
at least 40 h for Pe10 (Fig. 4b), in alignment with our Rietveld
refinement results of the XRD data (Fig. 3c). We additionally
find evidence that newly-formed brucite particles increased
water film loadings over the course of the reaction. This was
seen by microgravimetry through H,O:MgO ratios exceeding

This journal is © The Royal Society of Chemistry 2023

the expected (1:1) reaction stoichiometry (Fig. 3b), and by
vibrational spectroscopy (Fig. 3d and S47) through the rise of
the main water band (~3300 cm™).

Drying the films off the reacted particles showed that
H,0 : MgO reaction ratios were of only ~0.85 for Pe5 and ~0.75
for Pe10 (Fig. 4b). These results thus contrasted with reaction
yields obtained by XRD (Fig. 3c). To understand the impli-
cations of these results, we thermally decomposed the reaction
products back to MgO using TGA (Fig. 4c). These experiments
showed that dehydroxylation recovered 100% of the weight of
Pe5 and ~80% of the weight of Pe10. Because these results
matched reaction yields obtained by Rietveld refinement
(Fig. 3c), we conclude that unreacted Pe5 and Pel0 contained
non-stoichiometric OH groups. This conclusion was supported
further by vibrational (Fig. S41) and X-ray photoelectron
(Fig. S5t) spectroscopic measurements of the unreacted
materials.

Nucleation- vs. diffusion-controlled brucite growth

To explain the contrasting time-dependent reaction yields of
Pe5 and Pe10 (Fig. 3c and 4b, c), we modeled our Rietveld
refinement results (Fig. 3c) with a hybrid kinetic growth model
taken from the solid-state catalysis literature (cf. ESIT for full
details on the model)."* We predicted the early stages of
growth using a nucleation-limited model to account for com-
peting ingestion and merging of nucleation sites in the water
films. Later stages of growth were, on the other hand, pre-
dicted using a Shrinking Core Model** to account for a
diffusion-limited growth caused by the passivation of the reac-
tive MgO core by brucite nanocoatings. Evidence for this passi-
vating layer can also be appreciated by X-ray photoelectron
spectroscopy (Table S2}). These results showed that Pe10 sur-
faces were entirely hydroxylated although XRD (Fig. 3a—c) indi-
cated that the reactions were not completed. As such, we liken
these assemblages to a biphasic MgO@Mg(OH), core-shell
structure.

The sinusoidal portions of Pe5 and Pe10 at the onset of the
reactions were best described using a Avrami-Erofeyev®>>?
model. This model ([—In(1 — a)]"® = kagt; where a = [0,1] is
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reaction progress and ¢ reaction time) described growth in
terms of the competing ingestion of nucleation sites and
merging nuclei.** It described the complete conversion (a = 0
— 1) for Pe5 and the partial conversion (a = 0 — 0.5) for Pe10
using a single growth constant (ks = 6.6 h™'). To give
additional perspective on this growth term in the context of
water films, we note that a single Pe5 nanocube cannot com-
pletely dissolve into three monolayer-thick films (2.1 Mg>" per
H,0). The sustained rates of conversion must have therefore
relied on the continual capture of water vapor by newly formed
brucite nanoparticles. Again, evidence for this capture was
detected by microgravimetry (Fig. 4b) and by vibrational spec-
troscopy (Fig. 3d and S4t).

The slower reactions in Pel0 after ~4 h were predicted
using a 3D Shrinking Core Model** (Fig. 1). To this end, we
used the Carter-Valensi’® adaptation of the Ginstling-
Brounshtein model®®

1+ z—1)a? + (z- 1)1 —a)** = z+2(1 — 2)%%; R is par-

ticle radius) to factor in the important volumetric expansion
v

(Z _ Mg(OH),

= 1.5); v is molar volume) on the reaction rates
YMgo

k
(kvc). The model predicts that diffusion-limited growth (% =

230 h™' nm?®) began after ~4 h of reaction where ~15% (a =
0.15) of the Pe10 transformed to brucite by nucleation-limited
growth. We note that this level of conversion amounts to the
consumption of the topmost ~0.9 nm of the Pel0 surface,
namely the equivalent of ~5000 nm® of MgO. As this volume
corresponds to about ten Pe5 nanocubes, we conclude that Pe5
was completely converted to brucite under the nucleation-
limited regime. This also implies that brucite nanocoatings
formed on Pe5 were insufficiently thick to hamper the flux of
reactive species to brucite growth fronts.

Morphological changes and co-existing phases

To identify morphological changes undergone by the nano-
particles, we imaged reacted samples using electron microscopy
(Fig. 5a-1). Inspection of the larger Pe10 nanocubes provided
insight into the earliest stages of the dissolution reactions
(Fig. 5g-i). These images revealed a progressive increase in
nanocube roundness. This aligns with previous work***®¢!
underscoring the thermodynamic drive for the conversion of
the dominant (100) face to the (110) and (111) faces under
hydration.'®?%*%% These results thus support the idea that a
preferential dissolution of the most reactive sites (e.g. nanocube
corners and edges) triggered fluxes of Mg”" ions in the water
film, inducing the first events of brucite nucleation and growth.
It is even possible that these new faces, alongside related
defects, became nucleation sites for hydroxylation reactions, or
even entry zones for water diffusion into the periclase bulk.
Imaging of samples reacted over a period of 48 h revealed a
progressive conversion of periclase nanocubes to brucite nano-
flakes (Fig. 5f and 1). Brucite growth from Pe5 nanocubes
(Fig. 5a-f) was chiefly limited to the confines of the embed-
ding hexagonal particles. Growth thereby occurred within the
microporous interstices of aggregated Pe5 nanocubes/nano-
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bars, as illustrated in Fig. 5m. In contrast, growth from Pe10
extended well beyond the sizes of the original nanocubes
(Fig. 5g-1). This implies that a network of water films secured
the flux of soluble Mg®" species from different periclase par-
ticles to brucite growth fronts, such as represented in Fig. 5n.
Finally, to directly identify mineralogical phases by
imaging, we turned to High-Resolution TEM (HRTEM).
Cryogenic conditions minimized risks for electron beam
damage.”® Imaging of reacted Pe10 (Fig. 50) revealed spatially
resolved lattice fringes from co-existing periclase (Region 2)
and brucite (Regions 1) particles. Both Regions 1 and 3 con-
tained a range of lattice fringes (4.5-6.0 A) with the lowest
value close to the expected dyos-spacing value of brucite. In
contrast, the larger values indicated that brucite contained
various configurations of interstratified nanosheets. These
findings consequently align with our vibrational spectra
(Fig. 3e, f and S4f), and with previous imaging work,'®"”
revealing weak intralayer bonding in dislocated brucite
nanosheets. In the following section, we establish a link
between these lattice fringes and our XRD measurements.

Contrasting nanosheet stacking

Variations in brucite nanosheet stacking were resolved by
Lorentzian modeling of the main (001) reflection of brucite at
18.7-19.6° 20 (Fig. 6a, b and S6, S7t). Applying Bragg’s law
(2dgo1 Sin @ = n x 4, given n = 1 and 4 = 1.54 A) to calculate
interlayer dyo;-spacing (Fig. 6c), we found that brucite pro-
duced from Pe5 had typically smaller interlayer doy;-spacing
values (~19.6° 26, dgo; = 4.59 A) than in synthetic brucite
(~18.6° 20, doo; = 4.82 A). This reflection was composed of a
single component, and first appeared after ~8 h, namely only
near the end of the reaction (Fig. 3d). It then grew in tandem
with other main brucite reflections (Fig. S7+) up to the ~20™ h
of reaction (Fig. 6d). Pe10 also developed the same reflection
after ~7 h (~19.8° 26, dyo; = 4.54 A), yet this component
remained of fixed intensity for the remaining course of the
reaction. Here, it was rather a second coexisting peak of crystal-
line brucite (18.7° 26, dgo; = 4.80 A) that grew in tandem with
the other main brucite reflections (Fig. S77).

These two peaks also grew in parallel with another set of
reflections at 14-15° 26 (Fig. 6e and f). These reflections indi-
cate dgo;-spacing values in the 5.91-6.33 A range, and therefore
correspond with lattice fringes seen by cryogenic HRTEM
(Fig. 50). Shifts in peak position over reaction time also revealed
that these spacing values shrank (6.27 — 5.82 A) as spacing
values from the main (001) reflection expanded (4.48 — 4.53 A).
As these spacings were not sufficiently large to accommodate
intercalated water (doo1 + 27,0 = 4.82 A + 2.80 A = 7.62 A; where
'm0 is the radius of a water molecule), we conclude that the
14-15° 26 reflections arose from unresolved interstratified
layers, and that these dynamically changed during the course of
the reactions. Transient mixed oxyhydroxide (Mgy,Ox(OH),y)
intermediates, formed by water diffusion into the periclase
bulk,"” could have also partially contributed to these results.

We can explain the uncharacteristically low dyo,-spacing
values if high crystallization pressures were achieved during

This journal is © The Royal Society of Chemistry 2023
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the reactions. This idea was already conveyed by Feitknecht
and Braun®* who, in the 1960s, assigned a similar value
(4.578 A) to brucite grown under comparable conditions.
Referring to pressure-resolved dgo;-spacing values®*®®> pub-
lished decades after that study, we infer crystallization press-
ures of ~4 GPa could have been achieved during brucite
growth.

This interpretation aligns with thermodynamic predic-
tions'>> for GPa-level crystallization pressures, and with our
observation that removing the water film (Fig. S8t) shifted
doo1-spacings of reacted materials to low-pressure values.
Whereas previous studies'*>* did show that reactions in com-
pacted materials can stop at MPa-level pressures because water
films are squeezed from the intergrain boundary, we can
explain our findings the inherently large (26 pL g~') micropor-
osity of Pe5 nanocubes (Fig. 2b and c) sustained GPa-level
pressures by retaining the network of water films. This was
also the case for a minor portion of Pe10, which could be
explained in terms of surface microporosity. These results con-
sequently highlight the singular ability of synthetic periclase
nanocubes, especially those of Pe5 aggregated in a 2D maze-
like microporous network, to host high pressure reactions.

Conclusions

Two types of partially hydroxylated periclase nanocubes of con-
trasting size and microporosity provided an opportunity to
explore the water film-driven nucleation- and diffusion-limited
transformations to brucite nanosheets. Growth was triggered
by three monolayer-thick water films, and autocatalyzed as
water films grew onto newly formed brucite nanosheets.
Nucleation-limited reactions initiated brucite growth, and
completely converted (8 nm-wide) Pe5 nanocubes. Reactions
however transitioned to a diffusion-limited growth regime in
the larger (32 nm-wide) Pe10 nanocubes. Establishement of a
biphasic MgO@Mg(OH), core-shell structure hampered the
flux of species to growth fronts. Additionally, the microporous
network between aggregated Pe5 nanocubes and pores at Pe10
surfaces hosted GPa-level crystallization pressures that com-
pressed brucite interlayer spacings during growth. These inter-
layer spacings however expanded back to ambient pressure
values once water films were removed.

By resolving brucite growth in terms of concurrent nuclea-
tion- and diffusion-limited regimes, our work unveiled impor-
tant differences caused by nanoparticle formation history on
the composition and structure of reaction products. Because
water films are important drivers of mineral alteration in
nature and technology, consideration of these findings will be
needed in studying nanomineral transformations in areas
including atmospheric chemistry, catalysis, electrochemistry,
geochemistry, and surface science. Considerations of these
findings can even apply to broader aspects of material altera-
tion and crystal growth by nanometric water films. This
includes structurally-related materials (e.g., CaO, FeO) as well
as, more generally, transformations under nanoconfinement

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

(e.g., nanopores) in minerals (e.g., clays, zeolites) or other
materials of technological interest (e.g., metal-organic frame-
works, carbon nanotubes).
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